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Abstrat
We revisit the problem of onstruting type IIA orientifolds on T 6/Z2×Z2 whih admit
(non)-fatorisable latties. More onretely, we onsider a Z2×Z′2 orientifold with torsion,
where D6-branes wrap rigid 3-yles. We derive the model building rules and onsisteny
onditions in the ase where the ompatiation lattie is non-fatorisable. We show that
in this lass of ongurations, (semi) realisti models with an odd number of families an
be easily onstruted, in ontrast to ompatiations where the D6-branes wrap non-rigid
yles. We also show that an odd number of families an be obtained in the fatorisable
ase, without the need of tilted tori. We illustrate the disussion by presenting three family
Pati-Salam models with no hiral exotis in both fatorisable and non-fatorisable toroidal
ompatiations.
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1 Introdution
Type II string theory orientifold ompatiations an lead to eetive four dimensional
theories with gauge symmetries, hiral spetrum of fermions and N = 1 supersymmetry.
Hene, they onstitute a andidate string theory inorporating real partile physis. In
partiular, type IIA toroidal orientifolds with interseting D-branes at angles have beome
extremely popular in the last years [1℄, due in part to their relative simpliity and thus
alulability. Reent developments on these models aim to provide more realisti senarios,
as well as a better understanding of these onstrutions.
1
A reent development was ahieved in [6℄ (see also [7,8℄) where the authors onsidered a
type IIA string theory ompatied on a fatorisable T 6/Z2×Z′2 orientifold with torsion [9℄.
This type of onstrution admits ollapsed or rigid 3-yles, where interseting D6-branes
an wrap. Thus suh D-branes annot leave orbifold xed points. This fat permitted
the authors of [6℄ to build hiral interseting D6-brane models with (almost) absent open
string moduli. In other words, massless adjoint elds assoiated to the D6-brane positions
an be removed from the spetrum, and asymptoti freedom is easier to ahieve. However,
the models studied in [6℄, onsist of four families, whih makes them phenomenologially
unattrative.
An interesting generalisation to the standard fatorisable IIA orientifolds usually on-
sidered in the literature [1℄ was performed in [1012℄, where more general ompatiation
latties were allowed. In partiular in [11℄ non-fatorisable T 6/Z2×Z2 orientifolds (without
torsion) were studied. In that paper, D6-brane ongurations giving rise to hiral matter
on the 4D spaetime were investigated. It was found that interseting D6-brane models
with non-fatorisable ompatiation latties, give always rise to even number of fami-
lies. This observation resulted in unrealisti partile physis models, thus disfavoured in
omparison with their fatorisable ousins.
It is thus natural to ask whether the unsatisfatory phenomenologial result found in
[11℄, an be overome in ompatiations whih admit non-fatorisable latties in addition
to rigid yles where D6-branes an wrap. This is the main question we investigate in the
present paper.
We nd that one rigid yles are present, it is possible to obtain an odd number of
families, as opposed to non-fatorisable orientifold models without torsion. Model building
rules in this ompatiations depend on the non-fatorisable lattie, just as in the ase
studied in [11℄ for the T 6/Z2 × Z2 orientifold (without torison). Enouraged by these
observations, we illustrate the model building rules expliitly by onstruting a three family
Pati-Salam model
2
. The model preserves N = 1 supersymmetry and ontains the hiral
spetrum of a three family Pati-Salam model. Mass terms for all additional elds an be
written down without breaking the Pati-Salam gauge group, i.e. there are no hiral exotis.
We go beyond our original motivation and reonsider fatorisable latties of T 6/Z2×Z
′
2
1
Meanwhile heteroti orbifold onstrutions have been improved towards realisti partile physis [25℄.
2
We fous on the Pati-Salam instead of the Standard Model gauge group in order to automatially
satisfy K-theory onstrains [6℄. This implies that we onsider always an even number of D6-branes per
stak, whih then implies a gauge group U(2N).
2
(with torsion). Following the same strategy as in the non-fatorisable ase, we nd that
fatorisable latties too admit an odd number of families. Furthermore, this has the bonus
that no tilted tori are required, as it is the ase with non-rigid fatorisable models [17,18℄.
Thus we sueed in providing examples of three-family models in fatorisable and non-
fatorisable latties with rigid branes, on toroidal orientifold ompatiations with torsion.
The paper is organised as follows. In the next setion we disuss in a general setup
the properties of orientifold onstrutions with rigid yles valid for fatorisable and non-
fatorisable latties. We present tadpole onstraints, spetrum and supersymmetry on-
ditions. In setion 3 we illustrate the details of the onstrution in a fully worked out
example. We rst look at a non-fatorisable supersymmetri N = 1 three-family model
using rigid visible setor branes as well as hidden semi-rigid and non-rigid branes, as will
be explained in the text. We disuss tadpoles, spetrum and supersymmetry onditions.
We then present the fatorisable version of this model, showing how odd number of families
an be obtained from rigid branes without the need of introduing tilted tori. We lose in
setion 4 with our onlusions.
Throughout the paper, we make extensive use of the results of [6℄ and [11℄, whih we
advise the reader to onsult for more details.
2 Orientifolds with rigid yles
In this setion we desribe the proedure and rules to onstrut interseting D6-brane
models on T 6/Z2 × Z′2 orbifolds with disrete torsion [6, 9℄.
Consider type IIA theory ompatied on T 6/Z2 × Z′2 where the Z2 generators at as
θ : z1,2 → −z1,2 , θ′ : z2,3 → −z2,3 (1)
on the three omplex oordinates of the ompat spae.
Extending the disussion of [6℄, we allow the T 6 lattie to be either fatorisable or
non-fatorisable, i.e. the fatorisation T 6 = (T 2)3 is not respeted by the orbifold ation.
Moreover, we hoose our ompatiation suh that fundamental lattie vetors an be
expressed as integer linear ombinations of fundamental vetors in the fatorisable lattie.
The fatorisable lattie is a produt of three T 2 latties where eah T 2 is obtained by
ompatiation of the omplex planes spanned by the oordinates appearing in (1). The
fundamental yles on these T 2 are denoted by [ai] and [bi], i = 1, 2, 3,[
a1
]
= (1, 0, 0, 0, 0, 0) ,
[
b1
]
= (0, 1, 0, 0, 0, 0) ,[
a2
]
= (0, 0, 1, 0, 0, 0) ,
[
b2
]
= (0, 0, 0, 1, 0, 0) ,[
a3
]
= (0, 0, 0, 0, 1, 0) ,
[
b3
]
= (0, 0, 0, 0, 0, 1) ,
(2)
in real oordinates, xa, a = 1, . . . , 6, whih are related to the omplex oordinates in (1)
as zI = x2I−1 + ix2I , I = 1, 2, 3.
It is onvenient to give wrapping numbers always with respet to the fatorisable basis
as we do in the rest of the paper. This implies that on non-fatorisable latties not all
integer wrapping numbers are allowed (see [11℄).
3
2.1 Rigid yles
Let us onsider rst the overing spae T 6. We introdue D6-branes at angles, whih
are speied by wrapping numbers (ni, mi) along [ai] and [bi]. Thus an orbifold invariant
D6-brane labelled a wraps the three-yle:
ΠT
6
a =
3⊗
i=1
(
nia [a
i] +mia [b
i]
)
. (3)
As explained in [6℄, these yles of T 6 are inherited by the orbifold quotient. Moreover
under the ation of Z2×Z′2, a three-yle on T
6
has three images, all of them with the same
wrapping numbers as the initial three-yle. Therefore, a three-yle an be identied with
[ΠBa ] = 4 [Π
T 6
a ]. Computing the intersetion number of two suh yles gives
[ΠBa ] · [Π
B
b ] = 4 [Π
T 6
a ] · [Π
T 6
b ] (4)
where [ΠT
6
a ] · [Π
T 6
b ] has to be worked out for eah non-fatorisable lattie separately as was
shown in [11℄ (see also setion 3).
Besides these untwisted yles there are also independent ollapsed three-yles for eah
of the three twisted setors, θ, θ′ and θθ′. In order to determine these, we need to know
the xed points assoiated to the ompatiation lattie. For non-fatorisable tori, these
have to be found in eah lattie independently. We perform this ounting expliitly in the
next setion. Here we give general expressions for a given lattie.
Consider rst the θ twisted setor. We denote the loation of the xed torus on the
rst two omplex planes by [EθIa ], where Ia labels the xed point through whih a stak
of branes Da passes in this setor. For the Z2 × Z′2 orbifold these xed points orrespond
to ollapsed two-yles in the blown up CalabiYau spae. These two-yles are ombined
with a one-yle in the third plane n3[a˜3] + m3[b˜3] in order to form a three-yle in the
θ-twisted setor. Here, [a˜3] and [b˜3] generate the θ-xed torus. For the fatorisable lattie,
they oinide with [a3] and [b3]. Let us denote a basis of suh twisted three-yles as
[αθI, n] = 2 [E
θ
I ]⊗ [a˜
3], [αθI,m] = 2 [E
θ
I ]⊗ [b˜
3] . (5)
The extra fator of two is due to the ation of θ′ on the twisted three-yles in the third
omplex plane. Analogously, the basi twisted three-yles in the θ′ and θθ′ twisted setors
are dened as
[αθ
′
I, n] = 2 [E
θ′
I ]⊗ [a˜
1], [αθ
′
I,m] = 2 [E
θ′
I ]⊗ [b˜
1],
[αθθ
′
I, n] = 2 [E
θθ′
I ]⊗ [a˜
2], [αθθ
′
I,m] = 2 [E
θθ′
I ]⊗ [b˜
2].
(6)
The intersetion number between a pair of suh yles is easy to ompute knowing that
[EgI ] · [E
h
J ] = −2δIJ δ
gh
. Thus the full twisted three-yles are given by
[ΠgI,a] = n
ig
a [α
g
I, n] +m
ig
a [α
g
I,m]. (7)
Given two three-yles
[ΠgI,a] = n
ig
a [α
g
I, n] +m
ig
a [α
g
I,m]
4
and
[ΠhJ,b] = n
ih
b [α
h
J, n] +m
ih
b [α
h
J,m] ,
with g, h = θ, θ′, θθ′, the intersetion between them is
[ΠgI,a] · [Π
h
J,b] = 4 δIJδ
gh (niga m
ig
b −m
ig
a n
ig
b ) = 4 δIJδ
gh (niga m
ig
b −m
ig
a n
ig
b ), (8)
where we have again identied intersetion points under the orbifold ation and we have
used that [a˜i] · [b˜j ] = −δij . In this notation, for the twisted setors g = θ, θ′, θθ′ one has
ig = 3, 1, 2, respetively.
Now that we know how to desribe the non-fatorisable untwisted and twisted setor
three-yles, we onstrut rigid D6-branes in this setup. That is, we onsider frational
D6-branes whih are wrapping speial Lagrangian 3-yles, and are harged under all three
dierent twisted setors of the orbifold. The loation of a frational D6-brane has to be
invariant under the orbifold ation and thus it must run through four xed points for eah
twisted setor. Denoting this set of xed points as Sag , the frational D-brane wraps the
yle
ΠFa =
1
4
ΠBa +
1
4
∑
I∈Sa
θ
ǫθa,I Π
θ
I, a +
1
4
∑
J∈Sa
θ′
ǫθ
′
a,J Π
θ′
J, a +
1
4
∑
K∈Sa
θθ′
ǫθθ
′
a,K Π
θθ′
K,a (9)
where the 1/4 fator indiates that one needs four frational branes in order to get a bulk
brane. Also ǫθa,I , ǫ
θ′
a,J , ǫ
θθ′
a,K = ±1 dene the harge of the frational brane a with respet
to the massless elds living at the various xed points. In the next setion we onsider
only ǫgJ = 1, as this is enough to illustrate our main point. However, more ompliated
situations an be arranged. A longer disussion an be found in [6℄ for the fatorisable
ase.
2.2 Tadpoles and K-theory
We now mod out this theory by the orientifold ation ΩR, where Ω is the world sheet
parity and R ats by
R : zI → zI .
This ation introdues four types of O6-planes assoiated to the ations ΩR ΩRθ, ΩRθ′,
ΩRθθ′. The orresponding O-plane an be either a O6(−,−) with negative RR harge and
tension or an exoti O6
(+,+)
with positive RR harge and tension. Consisteny with disrete
torsion implies that we need to introdue an odd number of exoti O6-planes [6℄. In the
rest of the paper, we take a single exoti plane assoiated to OΩR.
Taking this into aount, we an dene the homology lasses of the yles wrapped by
the O6-planes as follows
ΠO6 = ΠΩR +ΠΩRθ +ΠΩRθ′ +ΠΩRθθ′ (10)
where
ΠΩR ∼ −2[a
1]× [a2]× [a3], ΠΩRθ ∼ −2[b
1]× [b2]× [a3],
ΠΩRθ′ ∼ −2[a
1]× [b2]× [b3], ΠΩRθθ′ ∼ −2[b
1]× [a2]× [b3]. (11)
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For fatorisable latties, the ∼ signs in (11) are equality signs. For non-fatorisable latties,
additional fators of two appear, if they are needed to obtain losed yles [11℄.
In the rest of the paper, we onsider only theAAA orientifold
3
for fatorisable ompat-
iations and the (related)CCC [11℄ setup for non-fatorisable ones. With our onventions
for the wrapping numbers (3), the tadpole ondition∑
a
Na(Π
F
a +Π
F
a′) = 4ΠO6 (12)
an be expressed as untwisted ∑
aNan
1
an
2
an
3
a = −16,∑
aNam
1
am
2
an
3
a = −16,∑
aNam
1
an
2
am
3
a = −16,∑
aNan
1
am
2
am
3
a = −16,
(13)
plus twisted ∑
aNan
1
aǫ
θ′
a,I = 0,∑
aNan
2
aǫ
θθ′
a,J = 0,∑
aNan
3
aǫ
θ
a,K = 0,
(14)
tadpole onstraints. The minus sign on the r.h.s. of the rst equation in (13) reets
the appearane of an exoti O-plane in the ase with disrete torsion [6℄. As explained
in [11℄ the number of O-planes is redued in non-fatorisable latties. However, for some
wrapping numbers one unit orresponds to a half-yle as they refer to yles on the
fatorisable lattie. These two eets anel resulting in the universal expressions (13),
(14). The lattie dependene arises due to the xed point struture.
The tadpole onditions ensure the anellation of non-Abelian anomalies. On top of
that, one has to impose K-theory onstraints [14℄. As disussed for example in the ap-
pendix of [6℄ these imply that a probe SU(2) stak of branes must host an even number
of fundamentals of SU(2). Following their lead, we impose the suient ondition that all
our staks ontain an even number of branes.
2.3 Spetrum
The resulting spetrum an now be alulated, as has been done in [6℄. We reprodue it
here for ompleteness. Firstly, D6-branes wrapping three-yles not invariant under ΩR
give rise to the gauge group U(Na). If two suh branes interset at an angle open strings
strethed between them will have massless exitations. These give rise to hiral multiplets
transforming under the produt of the two gauge groups on the branes. The resulting
massless spetrum is given in table 1, where also the situation that brane Da intersets
3
We are using the notation introdued in [13℄.
6
Representation Multipliity
a
1
2
(Π′a · Πa +ΠO6 · Πa)
a
1
2
(Π′a ·Πa − ΠO6 ·Πa)
( a, b) Πa · Πb
( a, b) Π
′
a · Πb
Table 1: Chiral spetrum for interseting D6-branes [6℄.
with its orientifold image Da′ is inluded. In the latter ase there is only one gauge group
fator due to the orientifold identiation. Further, branes that are invariant under the
orientifold ation ΩRΠFa = Π
F
a do not yield a unitary group but rather a simpleti group
USp(2Na). In the Z2×Z′2 orbifold, frational branes invariant under ΩR are those plaed
on top of an exoti O6
(+,+)
plane. In our hoie, they sit on top of the OΩR plane (see [6℄
for further details). Finally we reall that no adjoint elds from an aa setor arise for rigid
branes.
2.4 Supersymmetry
Although interseting brane models whih break supersymmetry expliitly are not nees-
sarily inonsistent, they usually suer from instabilities. In order to avoid that to happen,
we fous on models with residual N = 1 supersymmetry. This amounts to the ondition
that the angles θIa (I = 1, 2, 3) every brane Da forms with the horizontal oordinate axes
in eah omplex plane have to add up to zero [15℄,
θ1 + θ2 + θ3 = 0 mod 2π. (15)
Often metri moduli an be adjusted suh that (15) is satised. For later use, we speify
the metri of the ompat spae Gab (a, b = 1, . . . , 6) to be diagonal
4
in the oordinate
basis of the xa (with zI = x2I−1 + ix2I being the omplex oordinates in (1)) and dene
U I =
√
G2I,2I
G2I−1,2I−1
, I = 1, 2, 3. (16)
For the fatorisable lattie the U I are the omplex struture moduli of the T 2 fators.
3 Expliit models
In this setion we onsider a onrete model whih serves to illustrate the model building
rules, as well as how the number of families restrition an be implemented one rigid
4
O-diagonal omponents are projeted out.
7
branes are introdued. We do this in detail in a simple non-fatorisable lattie whih
serves to demonstrate our main result. We then onstrut the fatorisable version of the
same model, in order to show how three family models arise in that ase too. Besides the
family requirement, we also need to impose twisted and untwisted tadpole onditions as
well as supersymmetry to the models. These onstraints impose strong onditions on the
brane wrapping numbers.
3.1 Non-fatorisable lattie
As a minimal non-fatorisable example, onsider a lattie {ei} where the third and fth
lattie vetors are given by
e3 = (0, 0, 1, 0,−1, 0) , e5 = (0, 0, 1, 0, 1, 0) (17)
and keep the rest in a fatorisable form (AAA lattie). Employing the Lefshetz xed
point theorem one nds that there are 8 θ-xed tori, 16 θ′-xed tori and 8 θθ′ xed tori.
The 8 θ-xed tori are (underlined entries an be permuted)
(0, 0, 0, 0, x, y),
(
1
2
, 0, 0, 0 , x, y
)
,(
1
2
,
1
2
, 0, 0 , x, y
)
,
(
1
2
,
1
2
, 0,
1
2
, x, y
)
.
(18)
Here, x and y are ompatied on a two dimensional lattie generated by (2, 0) and (0, 1).
The 16 θ′-xed tori are
(x, y, 0, 0, 0, 0),
(
x, y, 0,
1
2
, 0, 0 ,
)
,
(
x, y, 0,
1
2
, 0,
1
2
)
,(
x, y,
1
2
, 0,−
1
2
, 0
)
,
(
x, y,
1
2
,
1
2
,−
1
2
, 0 ,
)
,
(
x, y,
1
2
,
1
2
,−
1
2
,
1
2
)
,(
x, y,
1
2
, 0,
1
2
, 0
)
,
(
x, y,
1
2
,
1
2
,
1
2
, 0 ,
)
,
(
x, y,
1
2
,
1
2
,
1
2
,
1
2
)
,
(x, y, 1, 0, 0, 0),
(
x, y, 1,
1
2
, 0, 0 ,
)
,
(
x, y, 1,
1
2
, 0,
1
2
)
.
(19)
Now, the ompatiation lattie for (x, y) is generated by (1, 0) and (0, 1). Finally the 8
θθ′-xed tori are
(0, 0, x, y, 0, 0),
(
1
2
, 0, x, y, 0, 0
)
,(
1
2
,
1
2
, x, y, 0, 0
)
,
(
1
2
,
1
2
, x, y, 0,
1
2
)
,
(20)
where the ompatiation lattie for (x, y) is generated by (2, 0) and (0, 1).
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Let us now ompute the intersetion number between two rigid D6-branes given a
ompatiation lattie. To do this, remember rst that we denote a D6-brane by its bulk
wrapping numbers as (3) [11℄:
D6a =
(
m1a
[
a1
]
+ n1a
[
b1
])
×
(
m2a
[
a2
]
+ n2a
[
b2
])
×
(
m3a
[
a3
]
+ n3a
[
b3
])
, (21)
where the one-yles are listed in (2), and mia, n
i
a (i = 1, 2, 3) are integers, we see that the
yle (21) is losed on the ompatiation lattie if
n2a = even and n
3
a = even , (22)
otherwise the brane has to wrap the orresponding yle of the fatorisable lattie twie [11℄.
Now, the ontribution from the bulk piee an be expressed as:
[ΠBa ] · [Π
B
b ] = 4 [Π
T 6
a ] · [Π
T 6
b ] = 2
3∏
i=1
(niam
i
b −m
i
an
i
b) (23)
where we have used the results in [11℄ to ompute the intersetion number [ΠT
6
a ] · [Π
T 6
b ].
Adding the ontribution from the twisted parts, using (8) and (9), we nd that the general
expression for the intersetion number between frational branes in the present lattie an
be written as follows:
Iab =
1
8
3∏
i
(niam
i
b −m
i
an
i
b) +
δθab
4
(
n3a
2
m3b −m
3
a
n3b
2
)
+
δθ
′
ab
4
(
n1am
1
b −m
1
an
1
b
)
+
+
δθθ
′
ab
4
(
n2a
2
m2b −m
2
a
n2b
2
)
, (24)
where δgab denotes the number of ommon g-xed points between brane staks a and b.
Computing the net number of families
5 Iab − Ia′b,
Iab − Ia′b = −
1
4
[
m3an
3
bm
1
bm
2
bn
1
an
2
a +m
1
an
1
bm
2
bm
3
bn
2
an
3
a +m
1
an
1
bm
2
am
3
an
2
bn
3
b +
+m2an
2
bm
1
bm
3
bn
1
an
3
a +m
3
an
3
b δ
θ
ab +m
1
an
1
b δ
θ′
ab +m
2
an
2
b δ
θθ′
ab
]
, (25)
it an be seen that odd numbers an be easily obtained. Indeed, one an hek that if two
branes have less than four xed points in ommon in some setors, that is δgab 6= (4, 4, 4), as
well as requiring suitable mi's to be odd, it is possible to have an odd number of families.
We show later that a similar ondition applies to the fatorisable ase.
Finally in order to fully ompute the spetrum, we need the intersetion between the
O6-planes and the frational branes. In the present ompatiation lattie, the yles
5
We onsider the ase that the olour group is a subgroup of the gauge symmetry on stak a.
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wrapped by the O6-planes (10), (11) an be written as [11℄
ΠO6 = 2
[
(−1, 0)× (1, 0)× (2, 0) + (0, 1)× (0,−1)× (2, 0)
+(1, 0)× (0, 1)× (0,−1) + (0, 1)× (2, 0)× (0,−1)
]
, (26)
where the sign in the rst ontribution omes from the exoti O6-plane. Then the inter-
setion between the O6-planes with the branes an be omputed using the results in [11℄,
and boils down to the following expression
ΠO6 · Π
F
a = ΠO6 · Π
T 6
a =
∑
Oj
∏
i
(niOjm
i
a −m
i
Ojn
i
a) , (27)
where niOj orrespond to `wrapping numbers' for the O6-planes (26) and the sum is over
the four types of O6-planes.
3.2 Three Family Pati-Salam Model
We are now ready to onstrut a three family Pati-Salam model using rigid as well as
hidden semi-rigid and non-rigid branes. As disussed in [6℄, sometimes rigid branes an
ombine with other rigid branes to form a bulk brane whih an move o the xed points.
Moduli in the adjoint of a gauge group reappear when this happens. Thus, suh a set of
branes forms a non-rigid brane. Branes whih an be ombined into a bulk brane have the
same wrapping numbers and anelling twisted harges (see eq. (14)). We all branes with
the same wrapping numbers and anelling twisted harges in one twisted setor, semi-
rigid. These an ombine and form a brane whih an move away from the xed points
only in some diretions.
A reversed view of this denition starts with a bulk brane. If its loation is invariant
under the orbifold, it an split into its four frational piees obtained by separating θ, θ′,
θθ′ images and adding ontributions from ollapsed yles suh that eah piee forms a
losed yle in the blown up orbifold (see eq. (9) and [16℄). Keeping all suh frational
piees results in a set whih we all non-rigid, while keeping only the images of one Z2
fator, yields a semi-rigid set.
Let us start by desribing the model building strategy. We have seen that in order to
get an odd number of families, it is neessary to have some of the xed points dierent
from their maximum value, that is δgab 6= (4, 4, 4) (four being the maximum in eah entry).
Therefore, in order to anel twisted tadpoles at all xed points, it will be neessary to
introdue additional branes, ompared to the ase when all xed points are shared between
branes
6
(that is, when δgab = (4, 4, 4)). Care will be taken suh that these extra branes
6
An easy way to anel twisted tadpoles is to onsider only branes whih share all four xed points,
that is δ
g
ab = (4, 4, 4). In suh ase, it is enough to x appropriately the values of the wrapping numbers
ni suh that no tadpoles are left unanelled (see (14)). This trik was used in the four family models
onstruted in [6℄.
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do not introdue exoti hiral matter. A priori one will attah them to the hidden setor.
However, in order to obtain massless GUT Higgs pairs in the spetrum, it will be neessary
to reombine one stak of the additional branes with the stak arrying initially the SU(2)R
gauge symmetry fator of the Pati-Salam group (see below). Finally, we will be interested
in models whih preserve N = 1 supersymmetry. This will onstrain further the wrapping
numbers of the brane staks and x some losed string moduli.
More expliitly, onsider rst a set of three rigid branes {a1, a2, a3}, the (a priori)
visible setor, whih share some, but not all, xed points in some setors. In general this
leads to some unanelled twisted tadpoles among themselves. Therefore it is neessary to
introdue an (a priori) hidden set of branes, suh that the twisted tadpoles are anelled.
In order to minimise this, the two branes {a2, a3} that will give rise to the gauge groups
SU(2)L,R in the Pati-Salam model, are taken suh that they share exatly the same set
of xed points, i.e. δga2a3 = (4, 4, 4). Hene, eah one will ontribute to the same kind
of twisted tadpoles, and we hoose them suh that these tadpoles are anelled between
them. Thus we are left with unanelled twisted tadpoles only from the stak {a1}. In
order to anel these, we introdue a set of staks {bi}, suh that all twisted tadpoles
from sets {a, b} are anelled. The set of branes in all staks {bi} have the same wrapping
numbers and twisted harges with respet to one of the Z2 fators, so that twisted tadpoles
are anelled among them. Thus they form a stak of semi-rigid branes. Canellation of
untwisted tadpoles an at last be ahieved by introduing suitable sets of hidden setor
branes, without introduing new ontributions to the twisted tadpoles. In the model we
onstrut below, two more of these sets {c, d} will be needed. Staks within eah of the
sets {c} an ombine into bulk branes and hene they form non-rigid staks. Indeed, it
is the requirement of unbroken residual supersymmetry whih restrits us to onsider all
hidden setor branes to be semi-rigid or non-rigid.
Taking into aount all the requirements listed above, we end up with the semi realisti
Pati-Salam-like model speied in table 2. We perform in detail its analysis in what follows.
Let us start by identifying the xed points through whih the visible and hidden setor
branes pass. These are expliitly listed in table 3. Next, we onstrut the basis of the
twisted three-yles as dened in (5). For brane {a1}, the basis is given by
[αθIa1, n] = 2 [E
θ
Ia1
]⊗ [0, 0, 0, 0, 2, 0] , (28)
[αθ
′
Ia1, m
] = 2 [0, 1, 0, 0, 0, 0]⊗ [Eθ
′
Ia1
] , (29)
[αθθ
′
Ia1, m
] = 2 [0, 0, 0, 1, 0, 0]⊗ [Eθθ
′
Ia1
] , (30)
where [EgIa1 ]
7
orrespond to the 4 xed points assoiated to brane {a1} in eah setor.
These are listed in the rst olumn of table 3. From this basis, we an onstrut the
twisted 3-yle whih the brane wraps, using (7):
[ΠθI, a1 ] = 1 · [α
θ
Ia1, n
] , [Πθ
′
I, a1
] = 1 · [αθ
′
Ia1, m
] , [Πθθ
′
I, a1
] = −1 · [αθθ
′
Ia1,m
] . (31)
7
We are being sloppy here, using the same symbol to denote xed points, tori or yles. However, it
should be lear from the ontext what we are referring to.
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Nα (n
1
α, m
1
α) (n
2
α, m
2
α) (n
3
α, m
3
α)
Na1 = 4 (0, 1) (0,−1) (2, 0)
Na2 = 2 (−1, 1) (4,−3) (0,−1)
Na3 = 2 (1,−3) (−4, 1) (0,−1)
Nb1 = 2 (−4,−1) (−4,−1) (−2, 1)
Nb2 = 2 (4, 1) (4, 1) (−2, 1)
Nc1 = 14 (1, 0) (1, 0) (2, 0)
Nc2 = 14 (−1, 0) (−1, 0) (2, 0)
Nc3 = 14 (1, 0) (−1, 0) (−2, 0)
Nc4 = 14 (−1, 0) (1, 0) (−2, 0)
Nd1 = 12 (1, 0) (0, 1) (0,−1)
Nd2 = 12 (−1, 0) (0, 1) (0, 1)
Table 2: Wrapping numbers for the three family non-fatorisable Pati-Salam model.
Finally, the full frational yle (9), whih the stak {a1} wraps is given by
ΠFa1 =
1
4
ΠBa1 +
1
4
4∑
I
ΠθI, a1 +
1
4
4∑
I
Πθ
′
I, a1
+
1
4
4∑
I
Πθθ
′
I, a1
. (32)
For staks {ai} (i = 2, 3), we have instead
[αθIai ,m] = 2 [E
θ
Iai
]⊗ [0, 0, 0, 0, 0, 1] , (33)
[αθ
′
Iai , n
] = 2 [1, 0, 0, 0, 0, 0]⊗ [Eθ
′
Iai
] , [αθ
′
Iai ,m
] = 2 [0, 1, 0, 0, 0, 0]⊗ [Eθ
′
Iai
] , (34)
[αθθ
′
Iai , n
] = 2 [0, 0, 2, 0, 0, 0]⊗ [Eθθ
′
Iai
] , [αθθ
′
Iai ,m
] = 2 [0, 0, 0, 1, 0, 0]⊗ [Eθθ
′
Iai
] , (35)
where [EgIai
] orrespond to the four xed points assoiated to brane {ai} in eah setor (see
table 3). The twisted 3-yle whih the brane {a2} wraps (stak {a3} is very similar) is
then:
[ΠθI, a2 ] = −1 · [α
θ
Ia2, n
] ,
[Πθ
′
I, a2
] = −1 · [αθ
′
Ia1,m
] + 1 · [αθ
′
Ia2,m
] ,
[Πθθ
′
I, a2
] = 4 · [αθθ
′
Ia2, n
]− 1 · [αθθ
′
Ia2,m
] . (36)
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Thus, the full frational yle (9), whih the stak {a2} wraps is given by (again, stak
{a3} is very similar)
ΠFa2 =
1
4
ΠBa2 +
1
4
4∑
I
ΠθI, a2 +
1
4
4∑
I
Πθ
′
I, a2
+
1
4
4∑
I
Πθθ
′
I, a2
. (37)
For all other branes, one an nd the frational yles in a similar fashion.
θ setor a1 a2,3 bi ci di
Eθ1 (0,0,0,0) (0,0,0,0) (0,0,0,0) (0,0,0,0) (0,0,0,0)
Eθ2 (0,1/2,0,0) (1/2,1/2,0,0) (0,1/2,0,0) (0,0,1,0)
⋆
(1/2,0,0,0)
Eθ3 (0,0,0,1/2) (0,0,0,1/2) (0,0,0,1/2) (1/2,0,0,0) (0,0,0,1/2)
Eθ4 (0,1/2,0,1/2) (1/2,1/2,0,1/2) (0,1/2,0,1/2) (1/2,0,1,0)
⋆
(1/2,0,0,1/2)
θ′ setor
Eθ
′
1 (0,0,0,0) (0,0,0,0) (0,0,0,0) (0,0,0,0) (0,0,0,0)
Eθ
′
2 (0,1/2,0,0) (0,1/2,0,0) (0,1/2,0,0) (1,0,0,0) (0,1/2,0,0)
Eθ
′
3 (1,0,0,0) (0,0,0,1/2) (1,0,0,1/2) (0,0,1,0) (0,0,0,1/2)
Eθ
′
4 (1,1/2,0,0) (0,1/2,0,1/2) (1,1/2,0,1/2) (1/2,0,1/2,0) (0,1/2,0,1/2)
θθ′ setor
Eθθ
′
1 (0,0,0,0) (0,0,0,0) (0,0,0,0) (0,0,0,0) (0,0,0,0)
Eθθ
′
2 (0,0,1,0)
⋆
(1/2,1/2,0,0) (0,1/2,0,0) (0,0,1,0)
⋆
(1/2,0,0,0)
Eθθ
′
3 (0,1/2,0,0) (0,0,0,1/2) (0,0,0,1/2) (1/2,0,0,0) (0,0,0,1/2)
Eθθ
′
4 (0,1/2,1,0)
⋆
(1/2,1/2,0,1/2) (0,1/2,0,1/2) (1/2,0,1,0)
⋆
(1/2,0,0,1/2)
Table 3: Fixed points for the non-fatorisable branes in the Pati-Salam model of table 2.
Before proeeding to alulate the spetrum, we need to larify some subtleties regard-
ing the xed points denoted with a ⋆ in table 3. Consider for example the point (0, 0, 1, 0)⋆
in the θθ′ setor of brane {a1} (see table 3). Suppose it denoted the lous of a xed torus,
as in setion 3.1, then it would be equivalent to zero. However, here we are looking at
the one-yle (or ollapsed three-yle) wrapped by the D-brane and it matters in whih
diretion the one-yle extends. Consider the full yle (0, 0; 0,−x; 1, 0) for brane {a1},
this is equivalent to (0, 0; 1,−x; 0, 0) and it is therefore shifted in the third diretion. One
has to take this into aount when ounting the number of ommon xed points between
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a pair of branes. In omputing the intersetion number between two branes, the shifted
(seond) version has to be used. If the brane extended along the third diretion instead,
the xed yle would indeed be equivalent to the one loated at the origin and ontribute
only one to the ounting of ommon xed points.
We are now ready to alulate the hiral spetrum arising from the Pati-Salam staks
of branes {a, b} and the auxiliary branes {c, d}. For reasons mentioned already and to
be disussed shortly, we assign the visible setor to the set {a1, a2, a3, b1}. The spetrum
arising from open strings strethed between dierent branes within this set is displayed in
table 4, where we removed anomalous U(1) fators from the gauge groups.
Setor SU(4)× SU(2)L × SU(2)1 × SU(2)2 SU(2)× USp(28)4 × SU(12)2
(a1 a2) 3× (4, 2, 1, 1) (1; 1, 1, 1, 1; 1, 1)
(a1 a3) 3× (4, 1, 2, 1) ''
(a2 a3) 14× (1, 2, 2, 1) ''
(a′2 a2) 14× (1, 1, 1, 1) ''
(a′3 a3) 12× (1, 1, 1, 1) + 2× (1, 1, 3, 1) ''
(a1 b1) 3× (4, 1, 1, 2) ''
(a′1 b1) 3× (4, 1, 1, 2) ''
(a2 b1) 23× (1, 2, 1, 2) ''
(a3 b1) 15× (1, 1, 2, 2) ''
(b1 b
′
1) 6× (1, 1, 1, 3) + 16× (1, 1, 1, 1) ''
Table 4: Model of table 2: Massless spetrum from open strings strething between dierent
branes within the `visible setor set' {a, b1}.
Notie further that the stak of branes {b} has been arranged suh that, not only the
{a1} twisted tadpoles are anelled, but also suh that the net intersetion between branes
{b} and {a1} vanishes. Seond, hiral matter arising from possible intersetions between
brane {a1} and branes {c, d} is eliminated by shifting the latter branes away from the
origin, suh that the twisted ontribution, as well as the bulk parts of the intersetion
numbers vanish (this possibility was also used in the models of [6℄). Thus, no extra hiral
matter harged under the Pati-Salam U(4) arises.
Now let us look at some of the phenomenologial impliations of the model. As far as the
Standard Model matter and the eletroweak Higgs is onerned, it would have been enough
to onsider the branes of set {a} as the observable setor, and to identify the SU(2)1 with
SU(2)R of the Pati-Salam model. However, the GUT Higgs pair allowing to break the Pati-
Salam group spontaneously to the Standard Model group, would be missing. Attahing
the stak {b1} to the visible setor yields a way to get GUT Higgs pairs as well. Provided
the potential is suh that we an turn on vev's for bi-fundamentals of SU(2)1 × SU(2)2
the produt of the two SU(2)'s an be broken to its diagonal subgroup. Identifying that
diagonal subgroup with SU(2)R we obtain a Pati-Salam model with three generations of
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quarks and leptons as well as providing pairs of eletroweak and GUT Higgses. In our
example model, there will be a surplus of Higgs pairs of both types.
If this mehanism is realised, we arrive at an interesting onlusion. The requirements
of obtaining three generations for quarks and leptons as well as the presene of GUT
Higgs pairs in the massless spetrum are onneted. To obtain three generations we had
to leave some of the twisted tadpoles arising from branes hosting standard model matter
unanelled. The extra branes needed for twisted tadpole anellation now also ontribute
the GUT Higgs pair to the spetrum. Choosing instead of the stak {b1} the stak {b2}
would give a very similar way of obtaining the GUT Higgs pairs.
Hene, the nal gauge group arising from the visible setor is, as shown in table 4.
On the other hand, the hidden setor yields the gauge groups U(2)× USp(28)2× U(12)2.
However, by taking some at diretions we an deform these semi and non-rigid branes
into bulk D-branes. Then the nal gauge group, upon eliminating anomalous U(1) fators
is SU(2)×USp(28)×SU(12).
Finally, we look at supersymmetry. This imposes, from branes {a2, a3} the ondition
arctanU1 + arctan
3U2
4
=
π
2
; arctan 3U1 + arctan
U2
4
=
π
2
. (38)
These two onditions provide the same relation between U1, U2, namely:
U1 =
4
3U2
. (39)
On the other hand, supersymmetry on branes {b} requires
arctan
U1
4
+ arctan
U2
4
= π + arctan
U3
2
. (40)
Plugging ondition (39) into this expression gives
arctan
1
3U2
+ arctan
U2
4
= π + arctan
U3
2
, (41)
whih has a non trivial solution
U3 =
8 + 6(U2)2
11U2
. (42)
The other hidden branes {c, d} do not give new onstraints.
3.3 The fatorisable orbifold
In this setion we show that, following the same strategy as in the previous setion, it is
possible to get a three family left-right symmetri model from fatorisable latties with
torsion, without the need of introduing tilted tori, as in the ase without torsion [17, 18℄.
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That this is the ase, an be easily seen from the analogue of (25) in the fatorisable
ase. This is simply:
Iab − Ia′b = −
1
2
[
m3an
3
bm
1
bm
2
bn
1
an
2
a +m
1
an
1
bm
2
bm
3
bn
2
an
3
a +m
1
an
1
bm
2
am
3
an
2
bn
3
b +
+m2an
2
bm
1
bm
3
bn
1
an
3
a +m
3
an
3
b δ
θ
ab +m
1
an
1
b δ
θ′
ab +m
2
an
2
b δ
θθ′
ab
]
. (43)
From this expression it beomes lear that one some of the δgab's are taken dierent from its
maximum value, i.e. δgab 6= (4, 4, 4), one an get odd numbers of families (again, ombined
with suitable hoies of the wrapping numbers). Moreover, it is also easy to see from this
expression why the models onsidered in [6℄ gave always even number of families.
As an expliit example, we onsider the fatorisable version of the non-fatorisable three
family model disussed in the previous setion. The wrapping numbers and brane ontent
are listed in table 5. In this ase, one an easily get the xed point struture, frational
Nα (n
1
α, m
1
α) (n
2
α, m
2
α) (n
3
α, m
3
α)
Na1 = 4 (0, 1) (0,−1) (1, 0)
Na2 = 2 (−1, 1) (4,−3) (0,−1)
Na3 = 2 (1,−3) (−4, 1) (0,−1)
Nb1 = 2 (−4,−1) (−4,−1) (−1, 1)
Nb2 = 2 (4, 1) (4, 1) (−1, 1)
Nc1 = 12 (1, 0) (1, 0) (1, 0)
Nc2 = 12 (−1, 0) (−1, 0) (1, 0)
Nc3 = 12 (1, 0) (−1, 0) (−1, 0)
Nc4 = 12 (−1, 0) (1, 0) (−1, 0)
Nd1 = 4 (0, 1) (0,−1) (1, 0)
Nd2 = 4 (0, 1) (0, 1) (−1, 0)
Ne1 = 12 (1, 0) (0, 1) (0,−1)
Ne2 = 12 (−1, 0) (0, 1) (0, 1)
Table 5: Wrapping numbers for Pati-Salam model in the fatorisable version of 2.
yles and intersetion numbers using the results of [6℄. For the spetrum, we simply show
the fatorisable analogue of table 4 in table 6.
16
Setor SU(4)× SU(2)L × SU(2)1 × SU(2)2 SU(2)× USp(24)4 × SU(4)2 × SU(12)2
(a1 a2) 3× (4, 2, 1, 1) (1; 1, 1, 1, 1; 1, 1; 1, 1)
(a1 a3) 3× (4, 1, 2, 1) ''
(a2 a3) 26× (1, 2, 2, 1) ''
(a′2 a2) 6× (1, 3, 1, 1) + 20× (1, 1, 1, 1) ''
(a′3 a3) 14× (1, 1, 1, 1) ''
(a1 b1) 3× (4, 1, 1, 2) ''
(a′1 b1) 3× (4, 1, 1, 2) ''
(a2 b1) 23× (1, 2, 1, 2) ''
(a3 b1) 15× (1, 1, 2, 2) ''
(b1 b
′
1) 18× (1, 1, 1, 1) ''
Table 6: Model of table 5: Massless spetrum from open strings strething between dierent
branes within the `visible setor set' {a, b1}.
Notie that, ompared with the same type of model in the previous setion, in the
fatorisable ase we need to introdue one extra stak of auxiliary branes {e}, in order
to fully anel untwisted tadpoles. In this respet, the non-fatorisable model is more
attrative.
Notie also that, as in the previous setion and in [6℄, intersetions of the auxiliary
branes with the U(4) brane are anelled o by shifting those branes away from the origin.
Furthermore, the supersymmetry onditions (39), (42) are the same for this ase.
4 Disussion
Motivated by the reent advanes in interseting D-brane model building, we studied
T 6/Z2×Z
′
2 orientifolds in type IIA whih admit rigid yles and (non)-fatorisable latties.
We have shown that brane pairs whih do not pass through the same set of xed points,
together with suitable hoies of the wrapping numbers, allow for onstrutions of three
family non-fatorisable models with semi realisti partile spetra. We demonstrated this
expliitly in an N = 1, three family, Pati-Salam example. There are no hiral exotis,
Pati-Salam invariant mass terms for all exotis are allowed. So, at the present stage,
there are no obvious reasons against the possibility that all exoti matter deouples. In
addition to the requirement of three families and no hiral exotis, tadpole anellation
and supersymmetry impose strong onstraints on the wrapping numbers for the brane
ongurations. Hene one may expet only few models with all these harateristis to be
available.
A question whih needs to be addressed is to atually hek whether vetor-like exotis
an be deoupled. For that one needs to analyse the superpotential in the eetive theory
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as it arises from the onrete interseting brane model. However, we emphasise that our
original motivation was not to get a fully realisti model at this stage, but to show how
non-fatorisable latties an give rise to three generation models.
Another interesting feature of the model we studied is that the same branes whih are
needed for anelling the twisted tadpoles, {b}, also produe the GUT Higgses needed to
break the Pati-Salam group down to the Standard Model group (these were not present
in [6℄ if viewed as a four family model). Thus, these extra branes are not just needed for
twisted tadpole anellation but also for phenomenologial reasons. However, as disussed
in the text, the mehanism requires non-zero vev's for some salars. Again, it would be
desirable to turn on that vev under good knowledge of the superpotential. (Sine the
orresponding multiplet is massless, it is oneivable that there is indeed a at diretion
along the required vev.)
As a fortunate byprodut of our study of non fatorisable latties, we have found that
the very same strategy to get odd number of families works equally well for the fatorisable
ase without the need to introdue tilted tori as it is neessary in the ase of non-rigid D6-
brane models [17, 18℄. We showed this in the example of a fatorisable version of the
Pati-Salam non-fatorisable model presented. The matter and gauge group ontent is
very similar to the non-fatorisable ase. However, the fatorisable lattie requires the
introdution of one extra set of hidden branes, {e}, in order to fully satisfy untwisted
tadpole onditions. This in turn gives rise to a larger gauge group as well as further extra
matter. In this respet, the non-fatorisable version of the Pati-Salam model we have
studied is favoured.
We expet the same trik to get odd number of families for other non-fatorisable
latties to ontinue being valid, upon appropriate hoie of the wrapping numbers. It is
also plausible that other non-fatorisable latties will require less number of hidden branes
in order to fully anel tadpoles. Compared to our minimal hoie, however, the rank of
the gauge group will be redued and it might beome harder to embed the Standard Model
gauge group.
We have just started exploration of these type of models, and thus our results are
far from exhaustive. There are still several open problems that need investigation. For
example, we did not touh on the issue of introduing uxes along the lines of [6℄, to stabilise
some of the losed string moduli. Further, we onentrated on a Pati-Salam model in order
to sidestep the problem of imposing K-theory onstraints, whih are automatially satised
when the number of branes per stak is even. It would be important to explore possible
strategies to minimise the number of K-theory onstraints suh that three family MSSM
like models an be investigated (see for instane [19℄).
In the ase of heteroti ompatiations on non-fatorisable latties (for reent studies
see [2022℄) it has been observed that the same massless spetra an be obtained from
fatorisable orbifolds together with a generalised notion of disrete torsion [23℄. If that
observation is aused by some deeper relation between generalised disrete torsion and
non fatorisable ompatiations it would be interesting to nd a type II analogue. Suh
relations an yield important input into landsape studies of type II ompatiations (for
reent results see [24℄ and referenes therein).
18
Aknowledgements
We thank Radu Tatar and Cristina Timirgaziu for ollaboration at early stages of this
projet. We are grateful to Steve Abel, Ralph Blumenhagen and espeially Fernando
Marhesano for useful disussions.
I. Z. thanks Perimeter Institute for partial support and hospitality while part of this work
was done. She is also supported by an STFC Postdotoral Fellowship. This work was par-
tially supported by the European Union 6th framework program MRTN-CT-2004-503069
Quest for uniation, MRTN-CT-2004-005104 ForesUniverse, MRTN-CT-2006-035863
UniverseNet and SFB-Transregio 33 The Dark Universe by Deutshe Forshungsge-
meinshaft (DFG).
Referenes
[1℄ For reent reviews with several referenes see:
A. M. Uranga, Class. Quant. Grav. 22 (2005) S41 ;
R. Blumenhagen, M. Cveti£, P. Langaker and G. Shiu, Ann. Rev. Nul. Part. Si. 55
(2005) 71 [arXiv:hep-th/0502005℄;
R. Blumenhagen, B. Körs, D. Lüst and S. Stieberger, Phys. Rept. 445 (2007) 1
[arXiv:hep-th/0610327℄;
E. Dudas, J. Phys. Conf. Ser. 53 (2006) 567;
F. Marhesano, Fortsh. Phys. 55 (2007) 491 [arXiv:hep-th/0702094℄;
D. Lüst, arXiv:0707.2305 [hep-th℄.
[2℄ T. Kobayashi, S. Raby and R. J. Zhang, Phys. Lett. B 593 (2004) 262
[arXiv:hep-ph/0403065℄, Nul. Phys. B 704 (2005) 3 [arXiv:hep-ph/0409098℄.
[3℄ S. Förste, H. P. Nilles, P. K. S. Vaudrevange and A. Wingerter, Phys. Rev. D 70
(2004) 106008 [arXiv:hep-th/0406208℄.
[4℄ W. Buhmüller, K. Hamaguhi, O. Lebedev and M. Ratz, Nul. Phys. B
712 (2005) 139 [arXiv:hep-ph/0412318℄, Phys. Rev. Lett. 96 (2006) 121602
[arXiv:hep-ph/0511035℄.
[5℄ O. Lebedev, H. P. Nilles, S. Raby, S. Ramos-Sánhez, M. Ratz, P. K. S. Vau-
drevange and A. Wingerter, Phys. Lett. B 645 (2007) 88 [arXiv:hep-th/0611095℄,
Phys. Rev. Lett. 98 (2007) 181602 [arXiv:hep-th/0611203℄, Phys. Rev. D 77 (2008)
046013 [arXiv:0708.2691 [hep-th℄℄.
[6℄ R. Blumenhagen, M. Cveti£, F. Marhesano and G. Shiu, JHEP 0503 (2005) 050
[arXiv:hep-th/0502095℄.
[7℄ F. Marhesano and G. Shiu, Phys. Rev. D 71 (2005) 011701 [arXiv:hep-th/0408059℄;
JHEP 0411 (2004) 041 [arXiv:hep-th/0409132℄.
19
[8℄ E. Dudas and C. Timirgaziu, Nul. Phys. B 716 (2005) 65 [arXiv:hep-th/0502085℄.
[9℄ C. Vafa, Nul. Phys. B 273 (1986) 592;
C. Vafa and E. Witten, J. Geom. Phys. 15 (1995) 189 [arXiv:hep-th/9409188℄.
[10℄ R. Blumenhagen, J. P. Conlon and K. Suruliz, JHEP 0407 (2004) 022
[arXiv:hep-th/0404254℄.
[11℄ S. Förste, C. Timirgaziu and I. Zavala, JHEP 0710 (2007) 025 [arXiv:0707.0747 [hep-
th℄℄.
[12℄ T. Kimura, M. Ohta and K. J. Takahashi, Nul. Phys. B 798 (2008) 89
[arXiv:0712.2281 [hep-th℄℄.
[13℄ R. Blumenhagen, L. Görlih and B. Körs, JHEP 0001 (2000) 040
[arXiv:hep-th/9912204℄.
[14℄ A. M. Uranga, Nul. Phys. B 598 (2001) 225 [arXiv:hep-th/0011048℄.
[15℄ M. Berkooz, M. R. Douglas and R. G. Leigh, Nul. Phys. B 480 (1996) 265
[arXiv:hep-th/9606139℄.
[16℄ R. Blumenhagen, V. Braun, B. Körs and D. Lüst, JHEP 0207 (2002) 026
[arXiv:hep-th/0206038℄.
[17℄ M. Cveti£, G. Shiu and A. M. Uranga, Phys. Rev. Lett. 87 (2001) 201801
[arXiv:hep-th/0107143℄, Nul. Phys. B 615 (2001) 3 [arXiv:hep-th/0107166℄.
[18℄ M. Cveti£, T. Li and T. Liu, Nul. Phys. B 698 (2004) 163 [arXiv:hep-th/0403061℄.
[19℄ J. Maiden, G. Shiu and B. J. Stefanski, JHEP 0604 (2006) 052
[arXiv:hep-th/0602038℄.
[20℄ A. E. Faraggi, S. Förste and C. Timirgaziu, JHEP 0608 (2006) 057
[arXiv:hep-th/0605117℄.
[21℄ S. Förste, T. Kobayashi, H. Ohki and K. j. Takahashi, JHEP 0703 (2007) 011
[arXiv:hep-th/0612044℄.
[22℄ K. j. Takahashi, JHEP 0703 (2007) 103 [arXiv:hep-th/0702025℄.
[23℄ F. Plöger, S. Ramos-Sánhez, M. Ratz and P. K. S. Vaudrevange, JHEP 0704 (2007)
063 [arXiv:hep-th/0702176℄.
[24℄ F. Gmeiner and G. Honeker, JHEP 0709 (2007) 128 [arXiv:0708.2285 [hep-th℄℄.
20
